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The Minimal Supersymmetric Standard Model (MSSM) at large tanβ

naturally leads to enhanced coupling of some Higgs bosons to b quarks, as well

as the possibility of a very light sbottom, b̃. We investigate the 5σ discov-

ery prospects at the CERN Large Hadron Collider of a neutral Higgs boson

produced with a single energetic b quark followed by Higgs decay into µ+µ−

or τ+τ− lepton pairs. Promising results are found for Higgs masses upto 600

GeV and 1 TeV for muon and tau decays respectively. This process greatly

improves the discovery potential of the LHC beyond the inclusive channel

pp → φ0 → µ+µ−/τ+τ− +X. We also study constraints on the light b̃ (2 − 5

GeV) and light gluino (12−16 GeV) window from data collected at the CERN

LEP collider. It is shown that existing data for 3-jet events as well as that for

Z → bb̄bb̄ decays could contain hidden signatures of sbottoms.

v



Table of Contents

Acknowledgments iv

Abstract v

Chapter 1. Introduction 1

1.1 Naturalness and Supersymmetry . . . . . . . . . . . . . . . . . 2

1.2 The Minimal Supersymmetric Standard Model . . . . . . . . . 6

1.2.1 Higgs Sector . . . . . . . . . . . . . . . . . . . . . . . . 7

1.2.2 Sbottom Masses . . . . . . . . . . . . . . . . . . . . . . 9

1.3 Higgs Production with b Quarks . . . . . . . . . . . . . . . . . 11

1.4 Light Sbottoms and Gluinos . . . . . . . . . . . . . . . . . . . 14

Chapter 2. Discovering Higgs bosons with Muons 18

2.1 Production cross-section and branching fractions . . . . . . . . 19

2.2 The Standard Model Background . . . . . . . . . . . . . . . . 20

2.3 LHC Discovery Potential . . . . . . . . . . . . . . . . . . . . . 21

2.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

Chapter 3. Discovering Higgs bosons with Tau Leptons 29

3.1 Production cross-section and branching fractions . . . . . . . . 29

3.2 Tau Decay and Identification . . . . . . . . . . . . . . . . . . . 30

3.3 The Standard Model Background . . . . . . . . . . . . . . . . 32

3.4 Higgs Mass Reconstruction . . . . . . . . . . . . . . . . . . . . 34

3.5 LHC Discovery Potential . . . . . . . . . . . . . . . . . . . . . 35

3.6 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

vi



Chapter 4. Heavy Sbottoms at CERN LEP 43

4.1 Decays in the MSSM . . . . . . . . . . . . . . . . . . . . . . . 44

4.2 Production at LEP . . . . . . . . . . . . . . . . . . . . . . . . 49

4.3 Three-Jet Background . . . . . . . . . . . . . . . . . . . . . . 52

4.4 Bounds from Higgs Searches . . . . . . . . . . . . . . . . . . . 55

4.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

Chapter 5. The Z → bb̄bb̄ Decay 64

5.1 SUSY calculations . . . . . . . . . . . . . . . . . . . . . . . . . 65

5.2 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

5.3 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

Bibliography 75

Vita 82

vii



Chapter 1

Introduction

The Standard Model (SM) of particle physics [1] has been successful in

explaining nearly all experimental observations made at particle colliders thus

far1. The theory is also in very good agreement with precision electroweak

data from the CERN Large Electron Positron collider (LEP), thus confirming

both the electroweak model and the theory of quarks and gluons (QCD) to

high precision. The data from hadron colliders has provided added evidence

in support of fundamentals of QCD such as asymptotic freedom, confinement

and jets. The recent discovery of the top quark [3] at Fermilab’s Tevatron has

provided another missing piece.

However the exact mechanism of electroweak symmetry breaking re-

mains unknown. In the Standard Model this symmetry is broken by a single

Higgs boson doublet by acquiring a vacuum expectation value. This mecha-

nism then provides mass to all particles - quarks, leptons, the gauge bosons W ,

Z. Without the Higgs boson, symmetries of the Standard Model would render

all particles massless. But the Higgs is yet to be observed experimentally and

1The only experimental confirmation of physics beyond the SM is the recent discovery
of neutrino mass [2].
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the search for it is perhaps the single most important problem facing particle

physics today.

Despite its experimental successes, from the theoretical point of view

the SM is believed to be an effective theory valid at the electroweak energy

scale with new physics lying beyond it. The Minimal Supersymmetric Stan-

dard Model (MSSM) [4] is widely considered to be a very promising candidate

for physics beyond the SM. In this introduction we only discuss one of the

most important justifications for supersymmetry which is the so-called “nat-

uralness” problem of the SM. Then we discuss some properties of the MSSM

relevant to this thesis in the Higgs and sbottom sectors. Lastly we present

a subprocess for Higgs production and also experimental constraints on very

light superparticles.

1.1 Naturalness and Supersymmetry

One of the most important motivations for supersymmetry is the “nat-

uralness” problem which can be stated in the context of large quantum loop

corrections to the Higgs mass.

Consider the one-loop correction to the photon self-energy in Fig. 1.1.

Evaluating this diagram gives the contribution:

πµν
γγ (q) = −

∫
d4p

(2π)4
tr

[

(−ieγµ)
i

6 p−me

(−ieγν)
i

6 p+ 6 q −me

]

= −4e2
∫

d4p

(2π)4

pµ(p+ q)ν + pν(p+ q)µ − gµν (p2 + p.q −m2
e)

(p2 −m2
e) ((p+ q)2 −m2

e)

(1.1)
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e−

e+

γ γ

Figure 1.1: Photon self-energy in QED

where q is the momentum of the photon. Due to the exact U(1) gauge symme-

try of QED, we expect this diagram to saisfy the Ward identity qµπ
µν
γγ (q) = 0

which means that πµν
γγ (q) ∝ (q2gµν − qµqν) provided we are working in a reg-

ularization scheme which preserves gauge invariance. It follows then that

πµν
γγ (q = 0) = 0, ensuring that the photon remains massless.

Now, let us consider the electron self energy of Fig. 1.2. This diagram

equals:

πee(0) =

∫
d4p

(2π)4
(−ieγµ)

i

6 p−me
(−ieγν)

−igµν

p2

= −e2
∫

d4p

(2π)4

1

p2 (p2 −m2
e)
γµ ( 6 p+me) γ

µ

= −4e2me

∫
d4p

(2π)4

1

p2 (p2 −m2
e)

(1.2)

The integral has a logarithmic divergence (at large momenta). The correction

is proportional to the electron mass and the coefficient is ∝ log(Λ/me) where Λ

is the ultraviolet cutoff. Technically the correction becomes infinite as Λ → ∞,

but even if we replace Λ by the largest scale in particle physics viz. the Planck
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γ

e−

Figure 1.2: The electron self energy.

scale MP ∼ 1019 GeV we get

δme = 2
αem

π
me log

MP

me

= 0.24me (1.3)

which is rather small considering the scale variation. Once again, there is

a symmetry involved which keeps this correction under control: in the limit

me → 0 the QED Lagrangian becomes invariant under chiral rotations ψe →

eiγ5ϕψe. If this symmetry were exact, the correction would have to vanish. But

in reality the electron’s mass breaks the symmetry and so the correction must

be proportional to me.

Finally consider the fermionic contribution to Higgs self-energy in the

Standard Model. The diagram in Fig. 1.3 is calculated to be

πf
φφ(0) = −N(f)

∫
d4p

(2π)4
tr

[(

i
λf√

2

)
i

6 p−mf

(

i
λf√

2

)
i

6 p−mf

]

= −2N(f)λ2
f

∫
d4p

(2π)4

p2 +m2
f

(
p2 −m2

f

)2

= −2N(f)λ2
f

∫
d4p

(2π)4

[

1

p2 −m2
f

+
2m2

f
(
p2 −m2

f

)2

]

. (1.4)

where λf is the φff̄ Yukawa coupling and N(f) is the color multiplicity i.e.

N(f) = 3 for quarks and 1 for leptons.
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f

f̄

φ φ

Figure 1.3: Fermionic contribution to the Higgs self energy.

This contribution is remarkable because its leading behavior at large

momenta is Λ2 which makes it quadratically divergent. If Λ is replaced by MP

the resulting “correction” turns out to be of the order of the Planck Mass!

This reflects the fact that the SM has no symmetry to protect the Higgs mass

the way gauge symmetries protect masses of other particles.

We can just renormalize away this infinity, but it does seem that the

Higgs mass “likes” to be close to the Planck scale. Besides renormalization

still leaves us with a correction of O(mf ). Now, presumably the Standard

Model will be replaced at higher energy scales by a more fundamental theory

with particle masses of the order of this new higher energy scale. Then we will

again have the same problem of fine-tuning large corrections of O(mf ). Scalar

masses therefore tend to gravitate towards the highest mass scale in the theory

unless some symmetry is introduced to cancel the quadratic divergence [5].

This opens the door to supersymmetry. In perfectly supersymmetric

theories every fermion has bosonic partner(s) of the same mass and color mul-

tiplicity.

5



φ

f̃

φ φ φ

f̃

f̃

Figure 1.4: Scalar fermion (f̃) corrections to the Higgs self energy.

The simplest type of supersymmetry employed in the MSSM has two

spin-0 superpartners f̃R and f̃L for each spin-1/2 fermion f . In Fig. 1.4 the

contribution of both f̃ to the Higgs self-energy is shown. The first diagram is

due to a sfermion-Higgs coupling

Lφf̃ =
1

2
λ2

fφ
2(f̃ ∗

Lf̃L + f̃ ∗
Rf̃R) (1.5)

which arises from the supersymmetry algebra. It gives a contribution

πf̃
φφ(0) = −λ2

fN(f)

∫
d4p

(2π)4

[

1

p2 −m2
f̃L

+
1

p2 −m2
f̃R

]

(1.6)

which exactly cancels the quadratically divergent part of Eqn. 1.4 in the limit

of the cutoff Λ → ∞. Note that this cancellation does not depend on the size

of the sfermion masses mf̃L,R
. There are other contributions from the second

diagram but they are only logarithmically divergent in Λ. Effectively then,

the presence of supersymmetry brings Higgs masses under control.

1.2 The Minimal Supersymmetric Standard Model

We know that if supersymmetry exists it should be broken because oth-

erwise we would have seen a profusion of equimassive partners of SM particles
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at colliders. The MSSM is the simplest SUSY model that is still realistic and

satisfies all phenomenological constraints. Supersymmetry is “softly” broken

in the MSSM, i.e. the difference between superpartner masses is at most of

O(1 TeV) which prevents SUSY loop corrections to electroweak observables

from going beyond the electroweak scale itself.

In this section we will only talk about the Higgs and b-flavor sectors of

the MSSM as the rest of the model is peripheral to the studies in this thesis.

Many excellent reviews are available on the complete MSSM [6].

1.2.1 Higgs Sector

The MSSM contains two complex Higgs doublets as opposed to the

single doublet in the Standard Model. They are written as Φd = (Φ0
d,Φ

−
d ) and

Φu = (Φ+
u ,Φ

0
u). The Φ0

d,u couple exclusively to the down, up type fermions.

Upon minimization of the Higgs potential, the neutral components of the Higgs

fields acquire vacuum expectation values

〈Φd〉 =
1√
2

(
vd

0

)

, 〈Φu〉 =
1√
2

(
0
vu

)

(1.7)

where the normalization is such that v2 ≡ v2
d + v2

u = 4M2
W/g

2 = (246 GeV)2

viz. the vacuum expectation value of the Higgs field in the SM. Spontaneous

electroweak symmetry breaking gives three Goldstone bosons, which become

the longitudinal components of the W± and Z. The five remaining degrees of

freedom turn into five physical Higgs bosons. They are, a charged Higgs pair

H±, one CP -odd scalar A0 and two CP -even scalars h0 and H0. The charged

7



Higgs have tree-level masses given by

m2
H± = m2

A +m2
W (1.8)

and h0, H0 have masses

m2
H,h =

1

2

(

m2
A +m2

Z ±
√

(m2
A +m2

Z)2 − 4m2
Zm

2
A cos2 2β

)

(1.9)

where

tan β ≡ vu

vd
(1.10)

The lighter Higgs mass receives large corrections from virtual top quark and

stop loops [7]. In the SM the Yukawa Higgs coupling to any fermion is λf =

gmf/2mW . But in the MSSM couplings to down type fermions are gmd/2mW×

hdd̄ = − sinα

cosβ
, Hdd̄ =

cosα

sin β
, Add̄ = γ5 tanβ (1.11)

and the up-type couplings are gmu/2mW×

huū =
cosα

sin β
, Huū =

sinα

sin β
, Auū = γ5 cotβ (1.12)

Here α is the mixing angle

(
H
h

)

=
√

2

(
cosα sinα
− sinα cosα

)(
ReΦ0

d − vd/
√

2

ReΦ0
u − vu/

√
2

)

(1.13)

which is related to β as

tan 2α = tan 2β

(
m2

A +m2
Z

m2
A −m2

Z

)

(1.14)

In the conventions employed here 0 ≤ β ≤ π/2 and −π/2 ≤ α ≤ 0.
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A consequence of Eqn. 1.14 is that for large tanβ and mA >> mZ we

get

α ≈ β − π/2 (1.15)

This makes the Yukawa couplings of the lighter Higgs h0 ≈ Standard Model

Higgs while Hdd̄ ∝ tan β. On the other hand Huū ∝ 1/ tanβ. Also from Eqn.

1.9 mH ≈ mA.

So, in the large tanβ limit theH,A bosons become nearly degenerate in

mass and their couplings to down-type quarks such as the b quark are enhanced

by tanβ while those to up-type quarks such as the top quark are depressed by

the same factor. Now, large tanβ scenarios are common in theories of “soft”

supersymmtery breaking. Some grand unified theories even expect tanβ to be

as high as mt/mb ≈ 50 [8].

This provides motivation for study of processes where Higgs bosons are

radiated from b quarks because the cross-sections are ∝ λ2
φbb̄

and could be

enhanced 2500 (= 502) times or more. Such processes are discuss further in

Section 1.3. (Note: from now we use “φ” to represent a generic Higgs scalar.)

1.2.2 Sbottom Masses

Like other fermions in the MSSM, the b quarks also have two spin-0

“sbottom” partners b̃L and b̃R. These are associated with the left and right

chiral b quark states. Due to the Yukawa couplings between bottom/sbottom

and Higgs fields there is mixing between the L and R states which results in

9



mass splitting. The lighter sbottom mass eigenstate is denoted as b̃1 and the

heavier one as b̃2.

The mass splittings depend on the soft SUSY-breaking parameters

MQ̃,MD̃, Ab, µ which are at most about 1-2 TeV. The sbottom mass matrix is

[9]:

M2
b̃

=

(

m2
b̃L

abmb

abmb m2
b̃R

)

(1.16)

with

m2
b̃L

= M2
Q̃
−m2

Z cos 2β

(
1

2
− 1

3
sin2 θW

)

+m2
b (1.17)

m2
b̃R

= M2
D̃
− 1

3
m2

Z cos 2β sin2 θW +m2
b (1.18)

abmb = mb(Ab − µ tanβ) (1.19)

and it is diagonalized by the eigenstates
(
b̃1
b̃2

)

=

(
cos θb sin θb

− sin θb cos θb

)(
b̃L
b̃R

)

(1.20)

where θb is called the sbottom mixing angle. The mass eigenvalues are

m2
b̃1,2

=
1

2
(m2

b̃L
+m2

b̃R
) ∓ 1

2

√

(m2
b̃L

−m2
b̃R

)2 + 4a2
bm

2
b (1.21)

The mass splitting becomes large if the off-diagonal term abmb is large i.e.

large Ab or large µ tanβ as compared to the other parameters.

The large tan β case leads to a light b̃1 most naturally. For example if

we set M2
Q̃
≈ M2

D̃
>> mZ and we denote both by M̃ then we get a very light

sbottom at

tan β ≈ M̃2

µmb
(1.22)

10



b

b̄

φ

Figure 1.5: Higgs production via bb̄→ φ

Since the b quark mass (mb) is small, tan β has to be large. This is different

from the commonly studied phenomenology of the light stop which does not

require very large tanβ values because of the much heavier top quark. Recently

this light sbottom window has generated lot of interest and we discuss it in

Section 1.4.

1.3 Higgs Production with b Quarks

As discussed in section 1.2.2, radiation of MSSM Higgs bosons from b

quarks can be considerably enhanced over SM rates due to the extra factor of

tan β in the φbb̄ Yukawa couplings. At large tanβ the dominant subprocess

for MSSM Higgs production is the inclusive process bb̄ → φ + X (Fig. 1.5)

where the b quarks arise from the proton sea [10]. The b-quark sea is generated

from the splitting of gluons into nearly collinear bb̄ pairs. When one of the

pair undergoes a hard-scattering process, the other generally remains at low

transverse momentum (pT ) and hurtles down the beam-line unobserved.

At high tan β the Higgs decays mainly into bb̄, τ+τ− or µ+µ− pairs

11



in that order. The bb̄ decay is dominant, occuring nearly 90% of the time

while the τ+τ− decay occurs about 10% of the time. The branching fraction

into µ+µ− is about 3 × 10−4. Decay into b quarks is almost impossible to

observe because of the massive background from QCD gg, qq̄ → bb̄ production.

The other two are possible but also receive large backgrounds from Drell-Yan

production of muons and taus: pp → Z∗, γ∗ → µ+µ− or τ+τ− besides other

SM processes producing leptons.

b

g

φ

b

+

b

g

φ

b

Figure 1.6: Higgs production with a single b or b̄ quark

However if it is demanded that at least one b quark should also be

observed at high-pT then the backgrounds are reduced substantially because

the energetic b quark can be tagged with high efficiency. The leading order

process for associated production of a Higgs boson with a single b quark is

gb→ φb (Fig. 1.6). This has been recently calculated to NLO in QCD [11]. It

is also possible to have two energetic b quarks in the final state via gg, qq̄ → φbb̄

(Fig. 1.7) but that cross-section is much lower. The three cross-sections are

compared in Fig. 1.8 for the LHC with pp c.m. energy
√
s = 14 TeV (see

[11, 12]). The φ in this case is the SM Higgs and the cross-section for a heavy

MSSM Higgs can be obtained approximately by multiplying with tan2 β. The

12



q

q̄

b

b̄

φ

g

g

b

b̄

φ

Figure 1.7: Higgs production with two energetic b quarks. In gg → φbb̄ dia-
grams with Higgs radiation off final state b quarks are not shown.

notation σnb refers to “n” b-quarks in the final state. A final state b quark is

defined as one with pT > 15 GeV and rapidity |η| < 2.5, which corresponds

to the lower luminosity running (L = 30fb−1) of the LHC. The b-tagging

efficiency with these parameters is expected to be about 60% at the proposed

ATLAS detector [13].

As we can see σ2b is almost 10-20 times smaller than σ1b while σ1b is

almost half of the fully inclusive cross-section. Production with two final state

b’s has in fact been searched for at the Fermilab Tevatron in the φ→ bb̄ decay

channel [14]. This gives a total of 4 b-jets in the final state and at least three

were tagged in the experiment. As would be expected this purely multi-jet

final state has large QCD backgrounds. Coupled with the small cross-section

of the 2b process and only 1.8 TeV c.m. energy of the Tevatron, this search

could not place bounds on Higgs masses larger than 120 GeV even with tanβ

as high as 60. The results for the upgraded Tevatron with
√
s = 1.96 TeV are

only slightly better.

In Chapters 2,3 we show our results [15, 16] for the LHC discovery

13



mφ (GeV) σinclusive
NLO σ1b

NLO σ2b
NLO

120 705+18.5%
−23.3% 305−1%

+1% 17+38%
−25%

160 278+15.1%
−17.6% 127−2%

+0% 7.7+37%
−25%

200 129+13.2%
−14.7% 60.1−1%

−1% 3.9+39%
−25%

300 28.3+10.9%
−10.9% 13.8−1%

−2% 1.0+40%
−26%

400 8.81+10.2%
−10.0% 4.37+0%

−3% 0.32+40%
−26%

500 3.37+10.7%
−10.1% 1.69+0%

−4% 0.12+42%
−27%

Figure 1.8: LHC cross-sections in fb for the three Higgs production processes.
The upper and lower error bars arise from QCD scale variation µ = 1

2
µ0 to

2µ0 respectively with µ0 = mφ as the central value.

potential in the process with a single final state b quark and subsequent Higgs

decays into muons and tau leptons. We find that the 5σ discovery potential

is significantly higher than that for inclusive Higgs production and for large

tan β values, Higgs masses upto 1 TeV can be uncovered.

1.4 Light Sbottoms and Gluinos

As noted in section 1.2.2, large tanβ values can theoretically lead to a

very light sbottom b̃1. The parameter freedom in the MSSM allows for that.

However can b̃1 be so light that it is nearly as massive as the b quark, say O(5

GeV) and therefore within reach of collider experiments already concluded?

14



The most significant experimental constraint to this comes from preci-

sion measurements of Z decay widths. The b̃1 couples directly to the Z boson

causing the decay Z → b̃1b̃
∗
1 which would contribute unacceptably to the Z

width. However the coupling Zb̃1b̃1 is parameter dependent

Zb̃1b̃1 ∝
1

2
cos2 θb −

1

3
sin2 θW (1.23)

where θb is the aforementioned sbottom mixing angle. This coupling can be

tuned to be small by choosing cos θb to be in a small range around ±
√

2
3
sin θW

which is about ±0.39. It was shown in [17] that in this window the light

sbottom not only survives constraints from electroweak precision data, but

can actually improve agreement between experiment and theory if it imitates

the b quark by decaying semi-leptonically: b̃1 → clν̃ where the neutralino ν̃

could be the stable Lightest Supersymmetric Particle (LSP). Other decays

are also possible. For example if R-parity is violated in the MSSM, the b̃1

could decay into soft di-jets of light quarks: ¯̃b1 → u+ s; c+ d; c+ s [18]. The

experimental limits on third generation R-parity violating couplings are quite

weak and cannot constrain this decay.

Another issue is production of hadronic “super-jets” of light sbottoms

at hadron colliders such as the Tevatron. But even a cursory calculation reveals

that light b̃1 would form only a very small fraction of the Tevatron jet data

which tends to be dominated by copius production of gluons. In the less clean

atmosphere of hadron colliders the experimental as well as theoretical errors

on jet cross-sections are so large that no limits can be placed on a light b̃1.

15



In fact even within Standard Model jet-physics there is a long-standing

puzzle of apparent over-production of b quarks by a factor of 2 at the Tevatron

[19]. Various explanations have been put forward such as unknown NNLO

effects, errors in b quark fragmentation functions [20] and arguments on what

should be the right renormalization scale [21].

Recently a low-energy supersymmetry model has also been proposed

to explain the discrepancy [22]. This model introduces another light SUSY

particle, the gluino (g̃), with mass between 12 - 16 GeV. It is also shown that

such a light gluino is permissible within experimental constraints if there is

also a very light sbottom such thatmg̃ > mb+mb̃1
. We refer to this as the light

sbottom and light gluino (LSLG) scenario. In the MSSM gluinos are Majorana

fermions and couple by the same strong QCD coupling to gluons. They also

have strong trilinear couplings with quarks and their scalar partners. This

scenario then implies copius production of gluino pairs at the Tevatron and

the almost immediate decay of each gluino into a b quark and b̃1 as shown by

the diagrams in Fig. 1.9. The gluinos so produced are highly boosted and so

the b quark and sbottom are nearly collinear. The b quark jet is then tagged

in the detector while the sbottom could decay into soft jets of light quarks

around the cone if it undergoes R-parity violating decays. In the hadron

collider environment such b̃1s would not be noticeable as new particles and the

process would simply contribute to the overall b cross-section. As it turns out

b quarks produced in this manner are able to resolve the discrepancy and also

match the observed pT distribution.
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Figure 1.9: (a) Gluino production from gluons by the subprocess gg → g̃g̃.
The smaller contribution qq̄ → g̃g̃ is not shown. (b) Gluino decay into a b
quark and b̃∗1.

This idea is somewhat provocative and has generated lot of interest

because of the implications for existing experimental data.

Changes to the running strong coupling αS(Q) in the LSLG model

have been calculated and found to be within experimental constraints [22,

23]. Virtual loops of gluinos and sbottoms enter into precision electroweak

calculations and lead to tight constraints on the heavier eigenstate of the

sbottom, (b̃2) [24]: at the 3σ(5σ) level it has to be lighter than about 195(180)

GeV. This constraint can be relaxed if CP -violating phases are present in the

model, but it is fair to say that the LSLG model seems to favor a b̃2 lighter

than about 200 GeV or so.

In chapters 4 and 5 we discuss our own contribution to the study of

b̃2 production at LEPII [25] in the LSLG scenario and also implications for

Z → bb̄bb̄ decays [26].
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Chapter 2

Discovering Higgs bosons with Muons

The LHC discovery potential of the inclusive muon pair channel pp→

φ0 → µ+µ− + X, φ0 = h0, H0 or A0 was demonstrated in [27], and was later

confirmed by the ATLAS collaboration [13]. As remarked in the preceding

chapter, for a Higgs boson produced along with one bottom quark at high

transverse momentum (pT ), the leading-order subprocess is bg → bφ0. If two

high pT bottom quarks are required in association with a Higgs boson, the

leading order subprocess should be gg → bb̄φ0.

Recently, it has been suggested that the search at the LHC for a Higgs

boson produced along with a single bottom quark with large pT should be more

promising than the production of a Higgs boson associated with two high pT

bottom quarks [11]. In this chapter, prospects are presented for discovering

the MSSM neutral Higgs bosons produced with a bottom quark via Higgs de-

cays into muon pairs. The Higgs signal and the dominant Standard Model

(SM) background of bµ+µ−, b = b or b̄, is calculated with realistic cuts and its

discovery potential compared with that of the inclusive process. This discov-

ery channel with one energetic bottom quark greatly improves the discovery

potential beyond the reach of not only the associated mode with two bottom
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quarks pp→ bb̄φ0 → bb̄µ+µ− +X [28] but also the inclusive channel.

2.1 Production cross-section and branching fractions

The cross section at the LHC for pp→ bφ0 +X is calculated via bg →

bφ0 with the parton distribution functions of CTEQ6L1 [29]. The factorization

scale is chosen to be MH/4 [30]. Unless explicitly specified, b represent a

bottom quark (b) or an anti-bottom quark (b̄). The bottom quark mass in

the φ0bb̄ Yukawa coupling is chosen to be the NLO running mass mb(µR) [31],

which is calculated with mb(pole) = 4.7 GeV and the NLO evolution of the

strong coupling [32]. We have also taken the renormalization scale to beMH/4.

This choice of scale effectively reproduces the effects of next-to-leading order

(NLO) [33]. Therefore, we take the K factor to be one for the Higgs signal.

The cross section for pp→ bφ0 → bµ+µ− +X can be thought of as the

Higgs production cross section σ(pp → bφ0 +X) multiplied by the branching

fraction of the Higgs decay into muon pairs B(φ0 → µ+µ−). (In reality we

integrate over a µ+µ− invariant mass bin centered on mφ.) When the bb̄

mode dominates Higgs decays, the branching fraction of φ0 → µ+µ− is about

m2
µ/3m

2
b(mφ) where mb(mφ) is the running mass at the scale mφ. This results

in a branching fraction for A0 → µ+µ− of approximately 3×10−4 for mA = 100

GeV. For tanβ & 10 and mA & 125 GeV, the cross section of bA0 or that of

bH0 is enhanced by approximately tan2 β; the muon branching fraction is

sustained by the large decay width of the Higgs into bottom quarks.
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2.2 The Standard Model Background

The dominant physics backgrounds to the final state of bµ+µ− come

from the Drell-Yan process bg → bZ∗/γ∗ → bµ+µ− (bµµ) as well as gg →

bb̄W+W− and qq̄ → bb̄W+W− (bbWW ) followed by the decays ofW± → µ±νµ.

In this analysis, gg → bµ+νµb̄µ
−ν̄µ and qq̄ → bµ+νµb̄µ

−ν̄µ were evaluated

whose dominant contribution is from pp → tt̄ → bW+b̄W− +X. In addition,

the background from bg → bµ+νµ−ν̄ and b̄g → b̄µ−ν̄µ+ν which has major

contributions from bg → tW− and b̄g → t̄W+ (tW ) has been included. The

cross section of the tW background is approximately 1/10 that of bbWW . The

muons from b decays can be removed effectively with isolation cuts [27]. We

have applied a K factor of 1.3 for the bµµ background [34], a K factor of 2

for bbWW [35], and a K factor of 1.5 for tW [36]. We have also considered

backgrounds from pp→ jZ∗/γ∗ → jµ+µ− +X, j = g, q or q̄ with q = u, d, s, c,

where a jet is mistagged as a b; we use a K factor of 1.3 for these processes.

In every event, each of the two isolated muons is required to have

pT (µ) > 20 GeV and |η(µ)| < 2.5. For an integrated luminosity (L) of 30 fb−1,

we require pT (b) > 15 GeV and |η(b)| < 2.5. The b-tagging efficiency (εb) is

taken to be 60%, the probability that a c-jet is mistagged as a b-jet (εc)is 10%

and the probability that any other jet is mistagged as a b-jet (εj) is taken to

be 1% [13].

For a higher integrated luminosity of 300 fb−1, we require the same

acceptance cuts as for L = 30 fb−1 except for pT (b) > 30 GeV and εb = 50%.

In addition, to reduce the background from bbWW and tW which contains

20



neutrinos, we require that the missing transverse energy ( 6 ET ) in each event

should be less than 20 GeV for L = 30 fb−1 and less than 40 GeV for L = 300

fb−1.

We have employed the programs MADGRAPH [37] and HELAS [38]

to evaluate the background cross sections of pp → bµ+µ− + X, jµ+µ− + X

and bbW+W− +X. The background from bbW+W− are treated with special

care for b−tagging. If there is only one b passing the cuts, the cross section is

multiplied with εb. For the events with two b’s passing the cuts, we multiply

the cross section with 2εb − ε2b .

We have compared the prospects of detecting this Higgs signal with one

high pT bottom quark (pp → bφ0 → bµ+µ− + X) with that of the inclusive

channel pp → φ0 → µ+µ− + X and the associated discovery mode with two

high pT bottom quarks pp→ bb̄φ0 → bb̄µ+µ−+X. The associated Higgs signal

bb̄φ0 → bb̄µ+µ− has major physics background from pp → bb̄W+W− + X,

pp → bb̄µ+µ− + X, and pp → jjµ+µ− + X [28]. The dominant physics

background to the inclusive final state of µ+µ− comes from the Drell-Yan

process qq̄ → Z∗, γ∗ → µ+µ− [27].

2.3 LHC Discovery Potential

To study the discovery potential of pp→ bφ0 +X → bµ+µ− +X at the

LHC, the background from the SM processes of pp→ bµ+µ− +X in the mass

window of mφ ± ∆Mµ+µ− is calculated where ∆Mµ+µ− ≡ 1.64[(Γφ/2.36)2 +

σ2
m]1/2 [13]. Γφ is the total width of the Higgs boson, and σm is the muon
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mass resolution which we take to be 2% of the Higgs boson mass [13]. The

CMS mass resolution will be better than 2% of mφ for mφ . 500 GeV [27].

Therefore, the observability for the muon pair discovery channel at the CMS

detector will be better than what is shown in this thesis.

In Fig. 2.2 cross sections are shown of muon pairs from Higgs decays

along with a bottom quark, σ(pp → bA0 + X → bµ+µ− +X), for tan β = 10

and 50, with a common mass for scalar quarks, scalar leptons and the gluino

mq̃ = mg̃ = µ = 1 TeV. The background cross sections in the mass window

of mA ± ∆Mµ+µ− for the SM processes pp → bµ+µ− + X, pp → jµ+µ− +X,

and pp→ bb̄W+W− +X is also presented. The cuts, tagging efficiencies, and

K factors discussed above are included. There are a couple of things to note

from this figure.

(a) For an integrated luminosity of 30 fb−1, the cross section of the Higgs

signal with tanβ ∼ 50 can be much larger than that of the physics back-

ground after acceptance cuts. The SM subprocesses gg → bµ+µ− and

qq̄ → bµ+µ− make the major contributions to the physics background

for Mµ+µ− . 180 GeV, but gg → bb̄W+W− and qq̄ → bb̄W+W− become

the dominant background for higher muon pair invariant mass.

(b) At the higher luminosity of 300 fb−1, gg → bb̄W+W− and qq̄ → bb̄W+W−

make up the dominant background for Mµ+µ− & 120 GeV. The higher

pT cut on the b−quark reduces the Higgs signal, while the larger allowed

missing ET make the bbWW background greater than the Higgs signal
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with tan β . 50.

The signal is defined to be observable if the lower limit on the signal plus

background is larger than the corresponding upper limit on the background

[39], namely,

L(σs + σb) −N
√

L(σs + σb) > Lσb +N
√

Lσb (2.1)

which corresponds to

σs >
N2

L

[

1 + 2
√

Lσb/N
]

(2.2)

Here L is the integrated luminosity, σs is the cross section of the Higgs signal,

and σb is the background cross section. Both cross sections are taken to be

within a bin of width ±∆Mµ+µ− centered at mφ. In this convention, N = 2.5

corresponds to a 5σ signal. We take the integrated luminosity L to be 30 fb−1

and 300 fb−1 [13].

For tanβ & 10, mA and mH are almost degenerate when mA & 125

GeV, while mA and mh are very close to each other for mA . 125 GeV in the

MSSM. Therefore, when computing the discovery reach, the cross sections of

the A0 and the h0 for mA < 125 GeV are added and so are those of the A0

and the H0 for mA ≥ 125 GeV [13, 27].

Fig. 2.3 shows the 5σ discovery contours for the MSSM Higgs bosons

where the discovery region is the part of the parameter space above the con-

tour. We have chosen MSUSY = mq̃ = mg̃ = m˜̀ = µ = 1 TeV. If MSUSY

is smaller, the discovery region of A0, H0 → µ+µ− will be slightly reduced
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for mA & 250 GeV, because the Higgs bosons can decay into SUSY particles

[40] and the branching fraction of φ0 → µ+µ− is suppressed. For mA . 125

GeV, the discovery region of H0 → µ+µ− is slightly enlarged for a smaller

MSUSY, but the observable region of h0 → µ+µ− is slightly reduced because

the lighter top squarks make the H0 and the h0 lighter; also the H0bb̄ coupling

is enhanced while the h0bb̄ coupling is reduced [27, 41].

2.4 Summary

The muon pair decay mode is a promising channel for the discovery of

the neutral Higgs bosons in the minimal supersymmetric model at the LHC.

The A0 and the H0 should be observable in a large region of parameter space

with tanβ & 10. In particular, Fig. 2.3 shows that the associated final state of

bφ0 → bµ+µ− could discover the A0 and the H0 at the LHC with an integrated

luminosity of 30 fb−1 if mA . 600 GeV. At a higher luminosity of 300 fb−1,

the discovery region in mA is expanded up to mA & 800 GeV for tan β ∼ 50.

This discovery channel with one energetic bottom quark extends the discovery

potential of the LHC beyond the inclusive channel pp→ φ0 → µ+µ− +X.

The excellent muon mass resolution and b tagging efficiency of the CMS

and the ATLAS detectors will be important for Higgs searches at the LHC.

For large tanβ, the muon pair discovery mode might be the only channel at

the LHC that allows precise reconstruction of the A0 and the H0 masses. The

discovery of the associated final states of bφ0 → bµ+µ− and bb̄φ0 → bb̄µ+µ− will

provide information about the Yukawa couplings of bb̄φ0 and an opportunity
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to measure tan β. The discovery of both φ0 → τ τ̄ and φ0 → µ+µ− will allow

us to understand the Higgs Yukawa couplings with the leptons.
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Figure 2.1: Feynman diagrams for the Drell-Yan background from bg →
bµ+µ−.
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Figure 2.2: The cross section of pp → bA0 + X → bµ+µ− + X, b = b or b̄,
at the LHC, as a function of mA, for mq̃ = mg̃ = µ = 1 TeV and tanβ = 10
or 50. Also shown are the background cross sections in the mass window of
mA ± ∆Mµ+µ− as discussed in the text for the SM processes pp → bµ+µ− +
X, b = b or b̄, (dashed), pp → jµ+µ− + X, j = g, u, d, s, c (dotted), and
pp → bb̄W+W− + X (dot-dashed). We have applied K factors, acceptance
cuts, and efficiencies of b tagging and mistagging.
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Figure 2.3: The 5σ discovery contours at the LHC for an integrated luminosity
(L) of 30 fb−1 and 300 fb−1 in the mA versus tanβ plane. The signal includes
φ0 = A0 and h0 for mA < 125 GeV, and φ0 = A0 and H0 for mA ≥ 125 GeV.
The discovery region is the part of the parameter space above the contours.

28



Chapter 3

Discovering Higgs bosons with Tau Leptons

In the previous chapter it was shown that the µ+µ− decay mode of the

Higgs is more promising when the Higgs is produced with one energetic b quark.

For large tanβ, the τ+τ− decay mode [42] is also a promising discovery channel

for the A0 and the H0 in the MSSM. This is because the branching fraction for

Higgs decay into tau leptons is greater by a factor of (mτ/mµ)2 ∼ 286. The

downside is that unlike muons, tau leptons can only be observed indirectly in

the detector via their hadronic or leptonic decay products.

In this chapter, the prospects of discovering the MSSM neutral Higgs

bosons produced with a bottom quark via Higgs decays into tau pairs are pre-

sented. We calculate the Higgs signal and the dominant Standard Model (SM)

backgrounds with realistic cuts and efficiencies and evaluate the 5σ discovery

contour at the LHC in the MA − tan β plane.

3.1 Production cross-section and branching fractions

The calculation of the cross section at the LHC for pp→ bφ+X (φ =

H0, h0, A0) via bg → bφ is the same, with the parton distribution functions

of CTEQ6L1 [29] being used. The factorization scale is chosen to be MH/4
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[30]. Unless explicitly specified, b represent a bottom quark (b) or an anti-

bottom quark (b̄). The bottom quark mass in the φbb̄ Yukawa coupling is

chosen to be the NLO running mass mb(µR) [31], which is calculated with

mb(pole) = 4.7 GeV and the NLO evolution of the strong coupling [33]. The

renormalization scale is taken to be MH/4 as this effectively reproduces the

effects of next-to-leading order (NLO) [11].

The cross section for pp → bφ → bτ+τ− +X can be thought of as the

Higgs production cross section σ(pp → bφ + X) multiplied by the branching

fraction of the Higgs decay into muon pairs B(φ → τ+τ−). When the bb̄

mode dominates Higgs decays, the branching fraction of φ → τ+τ− is about

m2
τ/(3m

2
b(mφ) +m2

τ ) where mb(mφ) is the running mass at the scale mφ. This

results in a branching fraction for A0 → τ+τ− of ∼ 0.1 for MA = 100 GeV.

For tanβ & 10 and MA & 125 GeV, the cross section of bA0 or that of bH0 is

enhanced by approximately tan2 β; the tau branching fraction is sustained by

the large decay width of the Higgs into bottom quarks.

3.2 Tau Decay and Identification

Tau leptons can decay either purely leptonically, τ− → l−ν̄lντ , with

a branching ratio of around 18% for each mode l = e, µ, or they can decay

into low-multiplicity hadronic states and a ντ with a branching ratio ≈ 64%

[43]. More than 95% of all hadronic tau decays are 1-prong or 3-prong, i.e.

they contain either one or three long lived charged particles. Therefore, for a

τ+τ− pair, the most likely scenario is one decaying leptonically and the other
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hadronically. This combination has a combined branching ratio of 46%. Also,

the presence of an isolated lepton in the final state is useful in triggering the

event and reducing backgrounds. Hence, we use this “lepton + τ -jet” signature

in our study.

We model hadronic tau decays as the sum of two-body decays into πντ ,

ρντ and a1ντ with branching ratios given in the literature [43]. The tau is

assumed to be energetic enough that all its decay products emerge in approxi-

mately the same direction as the tau itself. This manifests itself in the so-called

“collinear approximation” which we use for both leptonic and hadronic decays.

The approximation is confirmed to be accurate by comparison with an exact

matrix element simulation for tau decay.

The ATLAS collaboration has studied identification efficiencies of τ -

jets in detail [13]. We use an overall efficiency of 26% over 1- and 3-prong

decays with a corresponding cut, Pt(h) > 40 GeV for the hadron h = π, ρ, a1.

This also corresponds to a mistag efficiency of 1/400 for non-τ (i.e. QCD) jets.

Rejection of jets from b quarks is higher, with only 1 in 700 being mistagged as

τs. This is because the higher mass of the b quark results in a bigger angular

spread of decay products, while pure τ jets are very narrow. The transverse

momentum cut on the lepton from tau decay is weaker, with Pt(l) > 20 GeV.

Both the hadron and lepton are required to be in the central rapidity region

|η| < 2.5.
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3.3 The Standard Model Background

From the above discussion, the signal we are looking for is: b-jet + τ -jet

+ lepton + Pmiss
t + X.

The dominant physics backgrounds to this final state come from:

(i) Drell-Yan processes: pp→ jZ∗/γ∗+X → jτ+τ−+X, j = u, d, s, c, b, g.

Nearly 60−70% of the DY contribution arises from the subprocess bg → bτ+τ−.

(ii) W + 2j processes: pp → W + 2j with the subsequent decay W →

lνl; l = e, µ. Here, one jet is tagged or mistagged as a b quark and the other

mistagged as a τ -jet.

(iii) Top Production: gg → tt̄ → bb̄W+W− and qq̄ → tt̄ → bb̄W+W−.

This can contribute in several ways depending on subsequent W decays. In

order of highest to least importance the channels are: (a) One W decays into

lνl while the other provides a τντ with the τ decaying hadronically. (b) One

W decays into lνl while the other decays into jets W → jj. We now have four

possible jets in the final state i.e. 2 b’s and 2j and one of them is tagged as

a b quark while one of the others is mistagged as a τ -jet. (c) Lastly one can

have both W ’s decaying into τντ with one tau decaying leptonically and the

other hadronically. This is the smallest contribution from tt̄.

Due the huge cross-section for pp → QQ̄g; Q = b, c production at the

LHC, it is also pertinent to check if heavy quark semi-leptonic decays such

as b → clν do not overwhelm the signal. We find that this background is

effectively cut to less than 10% of the dominant background at all times by
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an isolation cut on the lepton |∆R(l, j)| > 0.3, the large rejection factor for

non-τ jets and the requirement Pmiss
T > 20 GeV.

For an integrated luminosity (L) of 30 fb−1, we require PT (b) > 15

GeV and |η(b)| < 2.5. The b-tagging efficiency (εb) is taken to be 60%, the

probability that a c-jet is mistagged as a b-jet (εc) is 10% and the probability

that any other jet is mistagged as a b-jet (εj) is taken to be 1%. For L = 300

fb−1, εb = 50% and PT (b, j) > 30 GeV.

In order to improve the signal significance, we also apply the following

cuts: 1.8 < φ(l, τ -jet) < 3.4 and Transverse mass mT (l, τ -jet) < 25 GeV. Using

the definition of transverse mass given in [44] we find that the latter is found

to be the most effective in controlling the W + 2j and tt̄ backgrounds.

We have also applied a K factor of 1.3 for the DY background [34]

and a K factor of 0.9 for W + 2j [45] to include NLO effects. In order to

further cut down the tt̄ background, we apply a veto on events with more

than 2 jets in addition to the b and τ jets. This is very effective because, in

tt̄ + X production, nearly 50% of events have at least one gluon from initial

or final state radiation that passes PT > 15 GeV and |η| < 2.5 [46]. Such

events are then vetoed and we are able to use a K factor of 1, instead of 2 that

would be required otherwise. We are also able to reduce contributions from

top production where one W → jj decay occurs [(iii)(b) above].

We have employed the programs MADGRAPH [37] and HELAS [38]

to evaluate matrix elements for both signal and background processes.
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3.4 Higgs Mass Reconstruction

The Higgs mass can be reconstructed indirectly, using the collinear

approximation for τ decay products and the missing transverse momentum

2-vector, Pmiss

T
. Taking xl, xh to be the energy fractions carried away by the

lepton and hadron respectively arising from τ decay, we have:

(
1

xl
− 1)Pl

T
+ (

1

xh
− 1)Ph

T
= Pmiss

T
(3.1)

This yields two equations for xl and xh, which can be solved to reconstruct

the original τ 4-momenta pτ = pl/xl, ph/xh. So, m2
φ = (pl/xl + ph/xh)

2.

Naturally, physically we must have 0 < xl, xh < 1, and this provides a

further cut to reduce the background. We also limit 0 < xl < 0.75 as this has

negligible affect on the signal, but reduces the W + 2j and tt̄ backgrounds.

Measurement errors in lepton and τ -jet momenta as well as missing

transverse momentum give rise to a spread in the reconstructed mass about

the true value. Based on ATLAS specifications we model these effects by

Gaussian smearing of momenta:

∆E

E
=

5.2

E
⊕ 0.16√

E
⊕ .009 (3.2)

for jets (with individual terms added in quadrature) and

∆E

E
= 2% (3.3)

for charged leptons.
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We find that in more than 95% of the cases, the reconstructed mass lies

within 15% of the actual mass. Therefore we apply a mass cut, requiring the re-

constructed mass to lie in the mass window mφ±∆mφ, where ∆mφ = 0.15mφ.

This cut is actually rather conservative as for larger Higgs masses, more than

90% of the reconstructed masses are within 5−10% of mφ. Therefore, while we

use 15% throughout for simplicity, significant improvements in our discovery

contour might be possible by narrowing ∆mφ depending on mφ.

3.5 LHC Discovery Potential

Based on the cuts defined so far, in Figs. 3.1 and 3.2 we show the

signal and background cross sections for luminosities L = 30 and 300 fb−1

respectively. The signal is shown for tanβ = 10 and 50, with a common mass

for scalar quarks, scalar leptons and the gluino mq̃ = mg̃ = µ = 1 TeV. All

tagging efficiencies and K factors discussed above are included.

From this figure we note that the cross section of the Higgs signal

with tan β ∼ 50 can be much larger than that of the physics background

after acceptance cuts. The Drell-Yan processes make the major contributions

to the physics background for Higgs mass . 180 GeV, but tt̄ contributions

become dominant for higher masses. TheW+2j contribution is very effectively

controlled by the b tagging requirement.

Figs. 3.3 and 3.4 show the 5σ discovery contours for the MSSM Higgs

bosons where the discovery region is the part of the parameter space above

the contour. The theoretical errors due to QCD scale variation in the back-
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grounds are about δt
b = ±15% while those in the signal are small (see Fig.

1.8) and we take them to be negligible. Our δt
b is rather high because it is

taken from the theoretical uncertainty in overall cross-sections. But in fact,

as mφ increases the background is being calculated in a higher mass window

and so the relevant QCD energy scale is higher. This would reduce the %

variation with energy scale. Hence our estimate is somewhat conservative and

the actual performance should be better.

We take the experimental error in “N” events to be
√
N . Adding the-

oretical and experimental error in quadrature, the error in background events

∆Nb =
√

Lσb + (Lσbδ
t
b)

2 and error in signal events ∆Ns =
√
Lσs. For the sig-

nal to be observable we require the lower limit on the signal plus background to

be larger than the corresponding upper limit on the background [39], namely,

L(σs + σb) −N
√

∆N2
b + ∆N2

s > Lσb +N∆Nb (3.4)

which corresponds to

σs >
N2

L
[1 + 2∆Nb/N ] (3.5)

Here L is the integrated luminosity, σs is the cross section of the Higgs signal,

and σb is the background cross section. Both cross sections are taken to be

within a bin of width ±∆mφ centered at mφ. In this convention, N = 2.5

corresponds to a 5σ signal. We take the integrated luminosity L to be 30 fb−1

and 300 fb−1 [13].

For tan β & 10, MA and mH are almost degenerate when MA & 125

GeV, while MA and mh are very close to each other for MA . 125 GeV in
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the MSSM. Therefore, when computing the discovery reach, we add the cross

sections of the A0 and the h0 for MA < 125 GeV and those of the A0 and the

H0 for MA ≥ 125 GeV. We choose MSUSY = mq̃ = mg̃ = m˜̀ = µ = 1 TeV

and calculate the h0, H0 masses at one loop using methods given in [6]. Then

we calculate contribution of each Higgs boson in the mass window. If MSUSY

is smaller, the discovery region of A0, H0 → τ+τ− will be slightly reduced

for MA & 250 GeV, because the Higgs bosons can decay into SUSY particles

[40] and the branching fraction of φ → τ+τ− is suppressed. For MA . 125

GeV, the discovery region of H0 → τ+τ− is slightly enlarged for a smaller

MSUSY, but the observable region of h0 → τ+τ− is slightly reduced because

the lighter top squarks make the H0 and the h0 lighter; also the H0bb̄ coupling

is enhanced while the h0bb̄ coupling is reduced [27, 41].

We find that the discovery contour covers a very large region and even

dips below tan β = 10 for 120 GeV < MA < 300 − 400 GeV depending on

luminosity.

3.6 Summary

The tau pair decay mode is a promising channel for the discovery of

the neutral Higgs bosons in the minimal supersymmetric model at the LHC.

The A0 and the H0 should be observable in a large region of parameter space

with tanβ & 10. In particular, Figs. 3.3,3.4 show that the associated final

state of bφ → bτ+τ− could discover the A0 and the H0 at the LHC with an

integrated luminosity of 30 fb−1 if MA . 800 GeV. At higher luminosities of
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300 fb−1, the discovery region in MA is easily expanded up to MA . 1 TeV

for tan β ∼ 50.

Excellent b tagging, τ -jet tagging abilities and jet energy resolution at

the ATLAS detector will be important for Higgs searches in this channel. The

discovery of the associated final states of bφ→ bτ+τ− will provide information

about the Yukawa couplings of bb̄φ and an opportunity to measure tanβ. The

discovery of both φ → τ+τ− and φ → µ+µ− will allow us to understand the

Higgs Yukawa couplings with the leptons.

38



10-4

10-3

10-2

10-1

100

101

102

103

 100  200  300  400  500  600  700  800  900  1000

σ 
(f

b)

MA (GeV)

Cross-sections for L = 30 fb-1

bA0 (tan β = 10)

bA0 (tan β = 50)

bττ
jττ

W + 2j
top

Figure 3.1: The signal and background cross sections at the LHC for luminosity
L = 30 fb−1, as a function of MA, for mq̃ = mg̃ = µ = 1 TeV and tan β =
10, 50. The background cross sections are calculated in the mass window of
MA ± ∆mφ as discussed in the text. We have applied K factors, acceptance
cuts, and efficiencies of b, τ tagging and mistagging.
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Figure 3.2: The same as Fig. 3.1 except with higher luminosity L = 300 fb−1.
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Chapter 4

Heavy Sbottoms at CERN LEP

As described in Chapter 1, electroweak precision constraints force the

light sbottom and light gluino scenario to also contain a heavy sbottom lighter

than about 180 GeV at the 5σ level. The available channels for heavy sbottom

production at CERN LEP are (i) pair production: e+e− → b̃2b̃
∗
2 and (ii)

associated production: e+e− → b̃∗1b̃2 + b̃1b̃
∗
2. With b̃1 ∼ 4 GeV, and LEPII

center-of-mass energies ranging upto
√
s = 209 GeV, the second channel should

have produced heavy sbottoms with masses as high as 200 GeV or so. Since

they have not been observed, it has been commented that the LSLG scenario

is disfavored [24].

However, searches for unstable sbottoms at LEPII have not been done

for the decay b̃2 → bg̃, which should dominate in this scenario as squarks,

quarks and gluinos have strong trilinear couplings in the MSSM. In that case,

the fast-moving gluino emitted by b̃2 would decay quickly into a b quark and b̃1

that are nearly collinear. With b̃1 subsequently undergoing R-parity violating

decays into light quarks around the cone of the accompanying b-jet, the gluino

should just look like a “fat” b flavored jet. The signature of b̃2 is then that

of a heavy particle decaying into b flavored dijets. On the other hand, the
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highly boosted prompt b̃1 produced in the associated process would also decay

into nearly collinear light quarks and appear as a single hadronic jet. Pair

and associated production are therefore naturally described as 4-jet and 3-jet

processes respectively at leading order. Pair production in particular should be

similar to neutral MSSM Higgs production in the channel e+e− → h0A0 → bb̄bb̄

if h0 and A0 have approximately equal masses.

This chapter is organised as follows: b̃2 decays are studied in section

4.1, cross-sections and event topology are studied in section 4.2 and the cor-

responding SM 3-jet background for associated production is studied in 4.3.

It is shown that the associated production is increasingly obscured by the SM

background for larger b̃2 masses. However 5σ discovery is still possible for

mb̃2
< 110− 129 GeV depending on the sbottom mixing angle. In section 4.4,

LEP searches for neutral Higgs bosons are used to derive a lower bound on b̃2

mass.

4.1 Decays in the MSSM

Sbottom decays in MSSM scenarios with large mass splitting between

b̃2 and b̃1 have been investigated before; see [47] for example. However the

scenario where the gluino is also light has not received much attention.

The direct decay products can be purely fermionic (1) or bosonic (2):

b̃2 → bg̃, bχ0
k, tχ

− (4.1)

b̃2 → b̃1Z, t̃W
−, b̃1h

0, b̃1A
0, b̃1H

0, t̃H− (4.2)
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where χ0
k (k = 1, .., 4) and χ± are neutralinos and charginos respectively, t is

the top quark, t̃ are stops, h0 and H0 are neutral CP -even Higgs bosons, A0

is the CP -odd Higgs and H± are charged Higgs bosons.

The individual widths depend on masses of above particles, but avail-

able experimental constraints [43] are model-dependent and might not all be

applicable in the LSLG scenario. However precision Z-width measurements

can be used to apply some basic constraints on masses and the sbottom mixing

angle.

In the MSSM, Z-boson couplings to sbottom pairs are given by,

Zb̃1b̃1 ∝ 1

2
cos2 θb −

1

3
sin2 θW (4.3)

Zb̃1b̃2 ∝ −1

2
sin θb cos θb (4.4)

Zb̃2b̃2 ∝ 1

2
sin2 θb −

1

3
sin2 θW (4.5)

where θb is the mixing angle between left and right-handed states:

(
b̃1
b̃2

)

=

(
cos θb sin θb

− sin θb cos θb

)(
b̃L
b̃R

)

(4.6)

The light sbottom should have a vanishingly small coupling in Eqn.

(4.3) as the Z → b̃1b̃
∗
1 decay does not occur to high accuracy. This is achieved

with the choice

cos θb ≈ ±
√

2

3
sin θW = ±0.39. (4.7)

The narrow range |cb| = 0.30 − 0.45 (cb ≡ cos θb) is allowed [17] which we use

at times to obtain upper and lower bounds.
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Given that mb̃1
= 2−6 GeV, the decay Z → b̃1b̃

∗
2 +h.c. might also take

place if b̃2 is lighter than ∼ 89 GeV. However this decay is suppressed both

kinematically and by the factor sin2 2θb. Even for the higher value |cb| = 0.45

we calculate Γ(Z → b̃1b̃
∗
2 + h.c.) ≤ 10 MeV for mb̃2

≥ 55 GeV and mb̃1
≥ 2

GeV. With the full Z-width having a 1σ error of 2.3 MeV and a 0.6σ pull from

the theoretical SM calculation [43], a lower limit of 55 GeV on b̃2-mass can be

set at ∼ 4σ level without a detailed analysis.

Similarly, decays into pairs of neutralinos, charginos and stops might

contribute unacceptably to the Z width and it seems safe enough to apply a

lower mass limit of MZ/2 to them for calculation purposes. With the observed

top quark mass of ∼ 175 GeV, this rules out the chargino channel b̃2 → tχ−

as b̃2 masses . 200 GeV are being considered.

The decay width for b̃2 → bg̃ is easily calculated at tree-level using

Feynman rules for the MSSM given in [48]:

Γ(b̃2 → bg̃) =
g2

smb̃2
κA

6π
, (4.8)

A = 1 − x2
b − x2

g̃ − 2xbxg̃ sin 2θb

where xi = mi

m
b̃2

, κ2 =
∑

i x
4
i −
∑

i6=j x
2
ix

2
j (summing over all particles involved in

the decay) is the usual kinematic factor and gs is the strong coupling evaluated

at Q = mb̃2
. The canonical strong coupling value αS(MZ) = 0.118 is used

here. Other parameters used in this section are mb = 4.5 GeV, mb̃1
= 4 GeV,

mg̃ = 14 GeV and cb = +0.39.

The remaining widths in Eqns. (4.1,4.2) are calculated using tree-level
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formulae given in [47]. Fig. 4.2 shows the branching ratios versus b̃2 mass.

The bg̃ width is large, varying between 3.9 − 13.8 GeV for mb̃2
= 55 − 200

GeV. It has the maximum amount of available phase space and proceeds via

the strong coupling, while the other widths are ∝ g2
w where gw = e/ sin θW is

the usual weak coupling.

The width shown for b̃2 → bχ0 is the summed width over all 4 neutrali-

nos (χ0
k). This value scales approximately as m2

b tan2 β for large tan β. Here

tan β = v2/v1 where vi are the vacuum expectation values of the two Higgs

doublets. Our calculation is most likely an overestimate as mixing angles are

ignored and all neutralinos are prescribed the same mass. This channel has

been extensively searched for at LEP [49], but seems to be at most 10 − 15%

of the full width in the LSLG scenario.

Bosonic decays with W , Z in the final state are also found to be small.

We show Γ(b̃2 → t̃1W
−) correct upto an unknown factor sin2 θt ≤ 1 where

sin θt is the stop mixing angle. For t̃2 the factor would be cos2 θt. Because of

the unnaturally low value of t̃1 mass chosen here, this width rises significantly

as mb̃2
approaches 200 GeV.

Decays into Higgs bosons are more complex as besides Higgs masses,

the widths depend on unknown soft SUSY-breaking mass terms Ab and µ.

The only available mass constraint is mh0 . 130 GeV at two-loop level in

the MSSM. However the excellent agreement between electroweak precision

measurements and theoretical predictions with a single SM Higgs boson has

led to a preference for the “decoupling limit” of the MSSM Higgs sector. In
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this limit, Yukawa couplings of h0 to quarks and leptons are nearly identical to

those of the Standard Model Higgs. At the same time A0, H0, H± have almost

degenerate masses >> MZ . Therefore, with b̃2 lighter than 200 GeV, only

b̃2 → b̃1h
0 is likely to be significant while other decays would be kinematically

impossible or heavily suppressed. The width is then given by

Γ(b̃2 → b̃1h
0) =

g2
wκB

2

64πmb̃2

, (4.9)

B = −mb cos 2θb

mW
(Ab − µ tanβ)

+
mZ sin 2θb

cos θW
(−1

2
+

2

3
sin2 θW ) cos 2β

We choose mh0 = 114.4 GeV in our calculation as LEP data has ruled out SM

Higgs bosons lighter than this value [50].

In the decoupling limit, arbitrary variation over Ab, µ in calculating B

is not required as the factor Ab −µ tanβ can be expressed in terms of sbottom

masses and θb:

sin 2θb =
2mb(Ab − µ tanβ)

m2
b̃1
−m2

b̃2

(4.10)

with θb given by Eqn. (4.7). This is a common relation that arises when the

sbottom mass matrix is diagonalized with the mixing matrix in Eqn. (4.6).

Though theoretically and experimentally attractive, if the decoupling

limit does not hold then other Higgs particles might also be light. The most

general lower mass limits from LEP on neutral MSSM Higgs bosons are about

90 GeV [51]. Then, the b̃2 → b̃1A
0 width (say) can become larger than 10% of
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b̃2 → bg̃ due to the coupling

A0b̃1b̃2 ∝ −gwmb cos 2θb

2mW

(µ+ Ab tanβ) (4.11)

This happens if Ab tan β is larger than ∼ 10 TeV. Though the possibility is

there, we consider it less likely and do not pursue it further. In any event such

a decay would be more important for higher b̃2 masses, and we show in the

next section that b̃2 production at LEPII falls rapidly as its mass nears 200

GeV.

Therefore, in this scenario the strong decay b̃2 → bg̃ is dominant by far.

4.2 Production at LEP

Cross-sections for b̃2 production are defined as follows: σ22 = σ(e+e− →

b̃2b̃
∗
2) and σ12 = σ(e+e− → b̃1b̃

∗
2 + h.c.). For completeness production of b̃1b̃

∗
1

pairs is referred to as σ11. The σij are readily calculated at tree-level,

σij =
g4

w sin4 θWβ
3
ij

16πs
fij, (4.12)

fij = (
1

9
− 2cV λij

3β2
Z sin2 2θW

)δij +
(c2V + c2A)λ2

ij

β4
Z sin4 2θW

(4.13)

where λ11 ≈ 0, λ12 = 1√
2
sin 2θb, λ22 = sin2 θb−2

3
sin2 θw, β2

ij = (1−
(m

b̃i
+m

b̃j
)2

s
)(1−

(m
b̃i
−m

b̃j
)2

s
), β2

Z = 1− M2
Z

s
and cV,A are electron vector and axial couplings that

equal −1
2

+ 2 sin2 θW and 1
2

respectively. The λ-factors are proportional to

sbottom-Z couplings in Eqns. (4.3,4.4,4.5). We use the same parameters here

as used earlier for width calculations.
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Both virtual photon (γ∗) and virtual Z (Z∗) channels are available for

σ22 while only Z∗ is available for σ12. The latter falls by a factor of 2 in going

from |cb| = 0.45 to 0.30. Pair production rises in the same range by a smaller

factor of 1.3 at
√
s = 207 GeV. Variation of b̃1 mass between 2 − 6 GeV has

negligible effect on σ12.

Fig. 4.3 shows σij versus b̃2-mass at
√
s = 207 GeV. Both cross-sections

are suppressed due to the β3 kinematic factor for scalar particle production.

However, asymmetry between sbottom masses causes additional kinematic

suppression of σ12 as β12 ≈ β2
22 for the same total rest mass of final products,

mb̃i
+ mb̃j

. The missing photon channel and smaller λ-factor, λ2
22/λ

2
12 ≈ 1.8,

reduces the cross-section further. Therefore associated production is generally

small and falls rapidly as b̃2 gets heavier.

The LEPII operation covered a range of center-of-mass energies from

130 − 209 GeV with maximum data collected at
√
s = 189 GeV and 205 −

207 GeV. Fig. 4.1 shows the expected number of raw events. We use an

approximate luminosity distribution provided in [52] counting the combined

integrated luminosity recorded by all four LEP experiments. The number

of events for associated production falls below ∼ 100 for mb̃2
> 147 GeV

at |cb| = 0.39. It is therefore possible that sufficient statistics might not be

available to explore sbottom masses above this value.

We now discuss the event topology in order to identify important back-

grounds. As shown in Section II the decay b̃2 → bg̃ is dominant which results

in the states b̃1b̄g̃+h.c. and bb̄g̃g̃ for associated and pair processes respectively.

50



Number Maximum b̃2 mass (GeV)
of Associated Pair

Events at LEPII Production Production
1000 59 71
100 147 94
10 177 101
1 192 103

Figure 4.1: Expected number of raw LEPII events for the combined luminosity
recorded in the entire run. We show the b̃2 masses beyond which event counts
fall below rough benchmark levels.

We decay the gluinos into bb̃∗1/b̄b̃1 pairs and show the opening angles between

final products for some representative b̃2 masses in Fig. 4.4. The b quark and

b̃1 arising from gluino decay overwhelmingly prefer a small angular separation

with a sharp peak at cos θ & 0.9. The other particles tend to be well-separated.

Through R-parity and baryon-number violating couplings λ
′′

ij3, b̃1 can

decay into pairs of light quarks: b̃∗1 → u+ s; c+ d; c+ s. A detailed discussion

of such decays is given in [18]. In that case, the b̃1 arising from gluino decay

would further decay hadronically in and around the cone of the accompanying

b jet. In practise it would be difficult to distinguish between the overlapping

jets, unless a very fine jet resolution is used. The gluino should then appear for

the most part as a single fused b-flavored jet with perhaps some extra activity

around the cone.

The prompt b̃1 from associated production is highly boosted for most

b̃2 masses within range. This should result in a very small angular separation

between its decay products. If it decays into pairs of light quarks, we calculate
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that at
√
s = 207 GeV, mb̃1

= 4 GeV and mb̃2
. 170 GeV, at least 90% of

these would have an opening angle < 30o. At any rate a b̃2 as heavy as 170

GeV is unlikely to be observable because of low event counts and would be

obscured by the large 3-jet SM background (section 4.3). Therefore in the

observable range b̃1 should show up as a single hadronic jet.

At leading order then, associated production is best described as a 3-jet

process, with 2 jets that can be tagged as b quarks and a hadronic jet from b̃1.

The relevant background for this would be SM 3-jet events which we discuss

in the next section.

On the other hand, pair production is naturally a 4-jet process where

each jet can be tagged as a b quark. This would have significant background

from any other heavy particles produced in pairs and decaying into dijets of

b quarks. Searches for neutral Higgs bosons h0 and A0 that can satisfy this

criteria have been done, and we discuss them in section 4.4.

4.3 Three-Jet Background

The SM gluon radiation process: e+e− → qq̄g, q = u, d, s, c, b; con-

stitutes the main 3-jet background for associated production. In particular,

e+e− → bb̄g could be an irreducible background as gluon jets and jets from

light sbottoms might not be distinguishable on a case-by-case basis.

We compare this background with associated production using the
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JADE jet-clustering algorithm [53]:

min
i6=j

(pi + pj)
2 ≥ ycuts (4.14)

where pi are the momenta of the final state partons and 0 < ycut < 1 is the jet

resolution parameter. As long as ycut > m2
g̃/s ≈ 3.4− 5.9× 10−3 for

√
s = 207

GeV and mg̃ = 12 − 16 GeV, the hadronic decay products of g̃ and b̃1 are

clustered into single jets. We evaluate matrix elements at leading order and

do not consider contributions to the SM 3-jet cross-section from final states

with more than three partons. The renormalization scale is set at Q =
√
s/2

with αS(MZ) = 0.118.

Fig. 4.5 shows that σ12 is a small fraction of the total SM 3-jet cross-

section, though it increases in proportion as ycut increases and the jets are

required to be well-separated. It is unlikely to be visible as a generic excess in

3-jet production given that measurements of hadronic cross-sections at LEPII

have errors of at least ±0.2 pb [52]. However, if at least one jet is b-tagged

and σ(e+e− → bb̄g) is measured very accurately, then for b̃2 lighter than ∼ 140

GeV an excess might be observable at higher ycut values.

If two jets out of three are required to have b tags then their total

invariant mass can also be studied as in Fig. 4.6. The total invariant mass of

the b/b̄ quark and gluino (which appears as a b-like jet) gives rise to a clear

resonance around mb̃2
. This would allow direct observation of a b̃2, and should

be the preferred method of study.

The differential cross-section for bb̄g events increases with the invariant
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mass, mbb̄, while the resonance in σ12 rapidly gets smaller as b̃2 gets heavier.

This is natural as gluon radiation from quark pairs is higher for softer gluons,

which in turn implies a higher total invariant mass for the bb̄ pair. To estimate

the discovery region we calculate both signal (S) and background (B) events

in the mass window Mbb = mb̃2
± ∆M where Mbb is the invariant mass of the

b tagged jets and ∆M = Γb̃2
. The b tagging efficiency εb is taken to be 65%,

from Rb studies at LEPII [54]. Mistag probabilities are assumed to be small

and not included in the analysis. We also use log10 ycut = −1.2 which is found

to maximize the significance S/
√
B. The Nσ discovery region is defined as

S√
S +B

≥ N (4.15)

Calculating events using the entire integrated luminosity recorded for
√
s ≥

183 GeV, we find that for |cb| = 0.39, b̃2 masses upto 123 (136) GeV can be

discovered at the 5σ (3σ) level. For |cb| = 0.30 − 0.45, the upper limits for

discovery are mb̃2
= 110−129 GeV (5σ) and mb̃2

= 125−140 GeV (3σ). Since

S and B are ∝ ε2b , the significance is ∝ εb and better b tagging efficiencies can

improve the upper limits. We have not included effects of Gaussian smearing

of pair invariant mass measurements, which might reduce the significance.

We note that the associated process also receives an irreducible SUSY

background as the b̃∗1bg̃ + h.c. final state is possible even if the heavy sbottom

is absent. This has been studied in the context of Z decay [55]. However, its

kinematics are very different from the same state produced by b̃2 decay, and

it should have little effect on the overall background. In Fig. 4.6 it would
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appear as an approximately uniform distribution of ∼ 5 events /5 GeV, which

is insignificant compared to the bb̄g background.

4.4 Bounds from Higgs Searches

At leading order e+e− → h0A0 proceeds only through the virtual Z

channel. The relevant coupling is

Zh0A0 ∝ gw cos(β − α) (4.16)

where α is the mixing angle between neutral CP -even Higgs bosons. This is

comparable to the heavy sbottom coupling Zb̃2b̃2 ∝ gw(sin2 θb − 2
3
sin2 θW ) in

Eqn. 4.5. However production of b̃2b̃
∗
2 pairs is somewhat higher as it also takes

place through the γ∗ channel and receives an extra factor of 3 from summing

over final-state colors.

Being scalars, both pairs of particles are produced with the same an-

gular distribution. Searches for h0A0 production [51] have been done along

the diagonal mh0 = mA0 , which makes them kinematically identical to b̃2 pair

production. The final states searched for are bb̄bb̄, bb̄τ+τ− or τ+τ−τ+τ− as

h0/A0 decay mainly into b or τ pairs in the parameter space where they are

approximately equimassive. Therefore, the 4b channel can be used to place

limits on b̃2 pair production as the latter leads to 4 b flavored jets in the final

state.

Cross-sections for the two processes are compared in Fig. 4.7. The h0A0

cross-section is called σhA. We simply maximize this by setting cos(β−α) = 1
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and Br(h0/A0 → bb̄) = 1. The parameters used in the experimental study

were similar or lesser. We find that σ22 is 1.8 − 2.3 times higher than Higgs

production for |cb| = 0.45− 0.3. If the more typical branching ratios Br(h0 →

bb̄) = 0.94 and Br(A0 → bb̄) = 0.92 are used then σ22 is effectively 2.1 to 2.6

times higher. However that could be offset if b̃2 has a branching ratio into bg̃

near its lower limit of around 0.9 in this mass range (see Fig. 4.2).

Experimental searches for h0A0 have used approximately 870 pb−1 of

combined integrated luminosity, with center-of-mass energies between 200 and

209 GeV. Only OPAL has seen a significant excess in the 4b-jet channel, which

is at the 2σ level at (mh0, mA0) ∼ (93, 93) GeV. This does not appear in other

experiments, though it cannot be ruled out statistically. No excess in this

channel seems to have been observed by any experiment below ∼ 90 GeV

which is approximately the quoted lower limit at 95% confidence for Higgs

masses. Since the pair cross-section is higher than that for h0A0, this should

simultaneously rule out heavy sbottoms lighter than 90 GeV in the LSLG

scenario.

There are some qualifications to this analysis. First, b̃2 has a much

larger width in absolute terms than h0 or A0, and that seems to have been a

significant factor in the h0A0 searches at LEP. However, since σ22 is larger, it

is likely that any excess would have been observed and the 90 GeV lower limit

is approximately correct. Secondly, if very low values of ycut (below m2
g̃/s)

were used in the LEP searches, then the above analysis might not hold.
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4.5 Summary

It is shown that the heavy sbottom eigenstate decays dominantly into

bg̃ pairs in the light sbottom and light gluino scenario. Pair and associated pro-

duction of b̃2 at LEPII have been studied and found to be naturally described

as 4-jet and 3-jet processes respectively. Their cross-sections and raw event

rates have been calculated and associated production is found to be small and

obscured by the large SM 3-jet background for large values of b̃2 mass.

However, 5σ discovery of a b̃2 is possible using 3-jet data provided

mb̃2
≤ 110 − 129 GeV, for |cb| = 0.30 − 0.45. The corresponding 3σ limits

are mb̃2
≤ 125 − 140 GeV. We recommend a search as far as possible. While

invariant masses reconstructed from b-tagged jet pairs might be the most direct

way to do this, single b-tagged events can also be useful if the cross-sections

are measurable to a high accuracy.

It is also found that b̃2 pair production is similar to production of neu-

tral MSSM Higgs bosons decaying into bb̄ pairs, which have been extensively

searched for by the four LEP collaborations. Minor excesses, though inconclu-

sive, seen in the 4b jet channel for masses ∼ 93 GeV provide further motivation

for a detailed study of 3-jet events. We show that b̃2 should be heavier than

about 90 GeV as no excess has been reported below this value.
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Figure 4.2: Branching ratios for b̃2 with tanβ = 30. Masses are set as
mχ0

k
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k and mh0 = 114.4 GeV. The Higgs width is calculated
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Chapter 5

The Z → bb̄bb̄ Decay

In addition to electroweak precision data, the LSLG scenario also has

consequences for other LEP observables as demonstrated in the previous chap-

ter. Cheung and Keung [56] have examined the production of bb̄-pairs at the

Z-pole via gluon splitting. They calculate the contribution of Z → qq̄g̃g̃ to

the process Z → qq̄g∗ → bb̄ (q = u,d,c,s,b) in the massless q approximation

and find that the former is only around 4 − 15% of the latter.

They do not go further and consider the ratio Γ(Z → bb̄g̃g̃)/Γ(Z →

bb̄bb̄) as they expect it to be very similar. Like them we note that the process

Z → bb̄g̃g̃ can contribute to Γ(Z → bb̄bb̄) via the final states bb̄bb̄b̃1
¯̃
b1, bb̄bb

¯̃
b1

¯̃
b1

and bb̄b̄b̄b̃1b̃1 which have four b-quarks and two sbottoms arising from the

gluino decays g̃ → b¯̃b1/b̄b̃1. This can happen if the b-quark and sbottom

arising from gluino decay prefer a small angular separation, so that a typical

event looks like Z → bb̄bb̄. But Z → bb̄g̃g̃ can arise not only from the gluon

splitting diagrams in Fig. 5.1(b) but also from “sbottom splitting” diagrams

in Fig. 5.1(c). We show that the net SUSY process should indeed contribute

to Z → bb̄bb̄ and the latter diagrams significantly enhance the width for this

process. We also calculate Γ(Z → bb̄bb̄) to leading order in the SM over a
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range of b-quark masses. The final result is a wide theoretical range for the

ratio Γ(Z → bb̄g̃g̃)/Γ(Z → bb̄bb̄) of 5% to 41% inclusive of the entire parameter

space.

5.1 SUSY calculations

The tree level diagrams for evaluating Γ4b = Γ(Z → bb̄bb̄)
∣
∣
SM

and Γbg̃ =

Γ(Z → bb̄g̃g̃) are shown in Fig. 5.1.

Feynman rules for the MSSM given in [48] are used to evaluate these di-

agrams. Their formalism allows us to write the lighter sbottom mass eigenstate

as a superposition b̃1 = sin θb b̃L + cos θb b̃R of the left and right-handed states

where θb is the sbottom mixing angle. This angle appears in the coupling:

Zb̃1
¯̃
b1 ∝ (

1

2
sin2θb −

1

3
sin2θW )

where θW is the Weinberg angle. Note that the convention in this chapter is

different from the rest of the thesis with sin θb replaing cos θb. Since electroweak

data excludes the process Z → b̃1
¯̃
b1 to a high precision, the mixing angle must

be fine-tuned to make the coupling small i.e., s2
b = 2

3
sin2θW , |sb| ≈ 0.39 where

the short-hand notation sb ≡ sin θb is used. We vary |sb| in the narrow range

0.30 − 0.45.

At constant scale we find that the diagrams in Fig. 5.1(c) enhance the

width for Z → bb̄g̃g̃ by 10 − 60%. The lower limit is obtained for sb = −0.30,

mg̃ = 12 GeV and the upper for sb = +0.45, mg̃ = 16 GeV. Default values of

mb = 4.5 GeV, mb̃1
= 4 GeV are used in this analysis and variation of these
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within mb = 4 − 5.25 GeV and mb̃1
= 2 − 6 GeV has little effect. We also

verify that as mb̃1
becomes large, the contribution of Fig. 5.1(c) diminishes,

and vanishes in the limit mb̃1
→ ∞. We therefore choose the invariant mass of

the two gluinos, mg̃g̃, as the running scale Q since the diagrams in Fig. 5.1(b)

are still dominant. Using a different invariant mass such as Q = mbg̃ only

changes Γbg̃ by 2 − 3%.

In calculating Γ4b the bb̄-pair produced by gluon splitting cannot be

isolated due to interference terms between crossed diagrams in Fig. 5.1(a),

making the off-shellness of the virtual gluon indeterminate. This is in contrast

to the gluon splitting processes Z → qq̄g∗ → bb̄ and Z → bb̄g∗ → qq̄, q 6= b,

where the secondary production of b-quarks does not interfere with primary

production at leading order [57]. Therefore to calculate Γ4b we first find the

ratio Γ4b/Γ(Z → qq̄g∗ → bb̄) at constant Q-scale, summing the denominator

over q = u, d, s, c, b in the massless q approximation. Then Γ4b is evaluated

over a running Q-scale as follows:

Γ4b =
Γ4b

Γ(Z → qq̄g∗ → bb̄)
︸ ︷︷ ︸

Q=const.

×
Q=mbb̄

︷ ︸︸ ︷

Γ(Z → qq̄g∗ → bb̄) (5.1)

The gluon-splitting process has been studied up to next-to-leading log-

arithm (NLL) level in the past and is known to be sensitive to the b-quark

mass. Values ranging from mb = 4.25 GeV [56] to variation between the pole

mass and the B-meson mass i.e. mb = 4.75 − 5.25 GeV have been used [58].
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DELPHI and OPAL [59] have measured Γ4b and they use mb = 4.5−5.25 GeV

in their analysis. Clearly, in the absence of a higher order calculation there is

no choice but to vary mb over a wide range. We vary it from the lower limit

of the MS value m̄b(m̄b) = 4 GeV to the B-meson mass mB = 5.25 GeV [43].

The canonical strong coupling value αS(MZ) = 0.118 is used as changes

to the running of αS have been shown to be small even in light of the various

new effects on the hadronic width of the Z in this scenario.

Results are given in terms of the ratios:

R4b ≡
Γ4b

Γ(Z → hadrons)

∣
∣
∣
∣
SM

, Rbg̃ ≡ Γbg̃

Γ(Z → hadrons)
(5.2)

The total hadronic width of the Z is taken to be Γ(Z → hadrons) = 1.744

GeV [43].

5.2 Results

Using Eqn. (5.1) we numerically calculate R4b = (6.06 − 3.04) × 10−4

for mb = 4 − 5.25 GeV. Measurements of the same by DELPHI and OPAL

yield (6.0 ± 1.9 ± 1.4) × 10−4 and (3.6 ± 1.7 ± 2.7) × 10−4 respectively and

the uncorrelated average is given by the Particle Data Group to be Rexp
4b =

(5.2 ± 1.9) × 10−4 [43]. Our entire calculated range is within 1.2σ of the

experimental average. Therefore, the lack of experimental precision does not

allow us to fix the b-quark mass any further. The central value of Rexp
4b is

obtained for mb ∼ 4.3 GeV which agrees well with mb = 4.25 GeV used in [56]

to fit the full gluon-splitting process.
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In a similar fashion, Rbg̃ is very sensitive to the gluino mass mg̃ showing

a decrease by nearly a factor of 3.5 asmg̃ varies from 12 to 16 GeV [Fig. 5.2(a)].

On the other hand, variations in b-quark mass and the sbottom mass (2 − 6

GeV) have very little effect (∼ 5%) [Fig. 5.2(b)]. The effect of varying sb within

the range |sb| = 0.30 − 0.45 is shown in Fig. 5.2(c) for mg̃ = 12 GeV. The

variation is & 30%, increasing with gluino mass. Rbg̃ is lower for negative values

of sb but increases with |sb| due to constructive interference with the gluon-

splitting diagrams. Including all parameters, we find Rbg̃ = (0.25−1.33)×10−4.

The total R4b + Rbg̃ equals (3.3 − 7.3) × 10−4 for the entire parameter

space which is still within 1.2σ of the experimental value. However the ratio

r = Rbg̃/R4b can be quite large, varying from 5 − 41% [Fig. 5.3]. Thus the

SUSY process can be a significant fraction (4 − 30%) of the total events if it

cannot be distinguished from the SM bb̄bb̄ decay.

In this context we now study the structure of Z → bb̄g̃g̃ events. The

cumulative final state qq̄g̃g̃ has been studied in e+e− annihilation at
√
s = 189

GeV [56], and our results are similar. Fig. 5.4 shows the opening angle (cos θ)

between final state b-quarks, gluinos and gluino decay products. We see that

the prompt b-quarks tend to be well-separated from each other and also from

the gluinos. We decay a gluino into a b
¯̃
b1/b̄b̃1 pair and find that the decay

products are rather close to each other, with cos θ peaking at around 0.8. The

two gluinos on the other hand appear to have a more or less uniform cosine

distribution with a slight preference for smaller angles.

Therefore most events primarily consist of four jets containing b-quarks,
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with at least three of them well-separated, and two of them having sbottoms

in or quite close to them. If the sbottom hadronizes completely in the detector

and deposits it’s energy as a jet then it might be difficult to separate from the

accompanying b-quark without a deliberate search. In that case the events

would look just like Z → bb̄bb̄. However, if the sbottom-jet lies near the

periphery of the b-jet then it might widen it somewhat. A similar situation

could arise if the sbottom undergoes R-parity violating decays into soft jets:

¯̃b1 → u+s; c+d; c+s [18]. Some of the b-jets in the Rexp
4b sample might therefore

be unusually wide and/or have a higher particle multiplicity. However, this

can also happen due to radiation of hard gluons from b-quarks in Z → bb̄bb̄,

and might be difficult to distinguish.

The remaining small fraction of events where the sbottom(s) are well-

separated from the b-jet would compete with the background from Z → bb̄bb̄+j

and Z → bb̄bb̄+ 2j events and might require careful separation. Finally, if the

sbottoms deposit only a fraction of their energy in the detector they might still

be observed as missing energy. This energy is likely to be small though since

sbottoms arise from gluino decay and tend to be rather soft in comparison

to prompt b-quarks. While a full detector simulation is beyond the resources

available to us; given the experimental uncertainties and the absence of a

deliberate search it is possible that sbottoms produced in this scenario escaped

detection.

The SUSY events might therefore lie hidden in data for Z → bb̄bb̄ and

could be sufficient in number that a deliberate search might uncover them.
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5.3 Summary

The light sbottom and light gluino scenario predicts the SUSY decay

Z → bb̄g̃g̃. We show that this contributes to the SM process Z → bb̄bb̄ because

of gluino decay into pairs of proximate sbottoms and b-quarks. This scenario

cannot be constrained by an excess in the measured rate Rexp
4b due to large

experimental and theoretical uncertainties. However, the ratio between the

SUSY and SM decays is shown to be significant, from 5% to 41% inclusive

of the entire parameter space. A good fraction of events in the Rexp
4b sample

might therefore arise from the SUSY process and contain sbottom signatures

hidden in and around b-jets. We suggest a search for sbottoms in existing Z

decay data in order to constrain this scenario.
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Figure 5.1: Feynman diagrams contributing to (a) Z → bb̄bb̄ and (b),(c) Z →
bb̄g̃g̃. Diagrams with gluon/gluino emission off the b̄-leg and the crossing of
identical particles are not shown.
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